The classical textbook "Rock Slope Engineering" by Hoek and Bray (1977, p. 166) Khosravi et al. 2009 Khosravi et al. -2012 Khosravi et al. , 2016 ) is correctly revised in this paper.
Introduction
Undercutting at the toe of a slope is considered as a destabilising mechanism in rock slope engineering. The classical textbook written by Hoek and Bray (1977, p. 166) states that "It is not usual for the toe of a slope to be undercut, either intentionally by mining or by natural agencies such as the weathering of underlying strata or, in the case of sea cliffs, by the action of waves". They also derived a general solution for planar failure considering the fact that the primary failure mode involves the sliding of the rock along a failure plane with a vertical tension crack. A more recent version of this book (Wyllie & Mah 2004, p. 366) summarises slope design concepts consisting of the basic slope types and specific slope design criteria. A preliminary design criterion under "the slope design concept F-II, where the bedding dips shallowly to moderately out of the slope", suggests that mine planners should "excavate the slope parallel to the bedding and not undercut the bedding where the bedding joints are continuous or the bedding dip is steeper than the friction angle, but not excavate it steeply enough to initiate buckling, ploughing, bilinear or other slab-type failures" because the planar failure on the bedding can be initiated by some undercutting of the toe of the slope. The conventional approach does not provide flexible design concepts when the toe of a slope, in which sliding can occur on a bedding plane, is undercut in three-dimensional (3D).
Alternative slope design concepts were required at the Mae Moh mine in Northern Thailand. Pipatpongsa et al. (2009) reported an engineering challenge in Area 4 and Area 4.1 where a portion of lignite at seams Q and K, with a length 300-350 m, had been left to support an unstable rock mass, with a height of 80-120 m, resting on clay-filled bedding planes with dip angle α = 12°-15°. As shown in Figure 1 , clay seams G1 and G2, with drained cohesion c′ = 0 kPa and drained friction angle ϕ′ = 13°-15°, can bring about the plane failure sliding into the pit if the toe of the slope acting as the counterweight balance is excavated. According to stability analyses under a planar slope failure criterion, using α = 15° and ϕ′ = 14°, the Factor of Safety could be as low as FS = tan(ϕ′)/tan(α) = 0.93. As FS < 1, an unstable rock mass would slip along the clay seams and cause a massive ground slippage of up to 1.75 million m 3 plunging into the pit once G1 was daylighted. Moreover, the groundwater above G1 would rise drastically in the rainy season and cause an unavoidable reduction in the shearing resistance on the bedding plane. The decision as to which alternative mining technique to adopt was based on cost and operational convenience in comparison to the technique involving the removal of the unstable rock mass. According to Khosravi et al. (2010) , an excavation in Area 4.1 would take up to 370 days during a rainy season, provided that two huge shovels with the loading capacity of 120 thousands m 3 /month were employed to continuously remove the unstable rock mass with a volume of approximately 3 × 10⁶ m 3 from this area. Otherwise, this slope could be reinforced by mortar shear pins, with a diameter of 0.152 m and shear strength of 18 MPa. If so, almost 4,000 shear pins would be required to raise the Factor of Safety to one. Considering the condition at the mine site, the installation of such a large number of shear pins would not be an easy task. Furthermore, the cost of this reinforcement would be so high, as to make it economically unpractical. Neither the removal of the unstable rock mass in Area 4.1 nor reinforcement by shear pins was found to be economically reasonable; thus, a different approach needed to be found.
It has been realised that lateral load transfer mechanisms, using sequences of cut and fill, would be a key concept for revising excavation plans. As illustrated in Figure 2 , instead of wholly excavating the toe of the slope, some parts of it are excavated, but the main parts are left as abutments to prevent the unstable slope from sliding downward. During the excavation of lignite from one side, rock mass waste can be dumped in-pit at the opposite side. As the height of the excavated portion is 80-100 m, a stepped excavation is considered by determining the height and the width of the benches. Portions of lignite and rock can partially support the inclined driving load from the unstable rock mass by arch action ; the conceptual idea is shown in Figure 3 . Soil arching is a result of elastic behaviour in which stresses are redistributed from yielding to less-yielding parts or from weak to stiffer parts (Terzaghi 1936 Feasible studies on the proposed method have been conducted with physical models to understand the mechanisms of failure. The worked-out theory had been developed and translated into practice during 2010-2015. The updated knowledge was based on physical modelling, the geotechnical centrifuge modelling and the numerical modelling. This paper reviews the main concepts, the required equipment and the measurement techniques employed in experiments. Finally, the new design concept for undercut slopes and the interpretation of the field test results are discussed in this paper.
Methodology
Through a series of simple physical model tests using humid sand placed on an inclined rigid plate, the possible modes of slope failure due to the excavation at the toe of the slope were examined. Preliminary sets of physical model tests had been conducted to ensure that the removal of propped portions of sand at the toe of the slope did not cause the collapse of the sand mass due to arch action over the abutments. However, the effect of this arch action cannot be maintained once the removal of an excessive amount of propped portions has been made.
Preliminary physical model
Through a series of simple physical models, Khosravi et al. (2009) investigated the load transfer mechanism and failure of a slope sitting on an oblique plane with the propping portion along its toe, as illustrated in Figure 4 . Humid silica sand No. 6 was uniformly layered inside a rigid wooden frame fixed on the slope and the base, which were made of rigid wooden plates covered by a vinyl plastic sheet. The testing conditions were varied, namely, the width of the slope and the sand density with and without side supports, and surcharges were applied at the top. As the slope was sliced and cut in sequence by a hand scoop, starting from the middle, the removal of the propping portions caused a slip along the oblique plane. A number of failure modes, observed in the inclined slope, were found to be related to the boundary and loading conditions, as shown in Figures 5-10 (modified from Khosravi et al. 2009 ). In summary, the observed failure mechanisms depended on the degree of sand compaction (strength of the material), height of the slope (surcharge), and lateral stiffness (side supports). Since the actual slope at the site is wide, the short-span model shown in Figure 5 would not be realistic.
A geological report has revealed that the rock mass in Area 4.1 is not considerably fractured, therefore the slope avalanche would not be occurred like in Figure 6 , but might be prone to the arch collapse shown in Figure 7 for local portions. If the side constraints are not sufficiently stiff, the abutments could unravel, as shown in Figure 8 . Since Area 4.1 is part of a wider slope, Figures 9 and 10 are thought to be potential cases that are confined by lateral boundaries and loaded by overburden pressure. In order to investigate the effects of lateral boundaries, slope models with and without side supports were studied. The size of the model needs to be enlarged in order to provide enough space for miniature pressure gauges and their cables. The installation of a camera above the model is also required for image processing using the particle image velocimetry technique (White et al. 2003) .
Instrumented 1 g physical model
The preliminary physical model tests provide an idea for building the slope model structure that was modified from a table for which the base had a length of 1.50 m and a width 1.00 m. Aluminium plates with a thickness of 10 mm were used to support the 1.30 m wide slope model with a 0.80 m long slope. As the slope and the base are joined together by 10 mm thick acrylic plates, the angle of the slope can be adjusted later to any angle. The side-supporting frames were made of pieces of 10 mm thick acrylic plates that can be adjusted to create a slope up to 0.1 m in thickness. A strut in front of the model was mounted onto the structural frame in order to fix a digital camera (Sony Cyber-short DSC-H50) with an automatic shutter. The location of the holder and the orientation of the camera should be adjustable so that photos can be taken of the slope appearing in the centre in a normal direction. Figure 11 shows an outline of the slope and the base model marking the locations for the pressure gauges (P306S-01), the shear gauges (S10-005) and the potentiometer (MLT-38000201). An adjustment for uniform lighting is also necessary in order to avoid shadows and reflections. The purpose of the physical model is to observe the behaviours of typical undercut slopes before failure, at failure and after failure, rather than to model the actual site. Therefore, the geometric similitude is not restricted in the model tests. Despite there being many choices of materials, silica sand No. 6, used for the preliminary physical model, was chosen because its uniform gradation with average particle diameter D 50 = 0.33 mm, uniformity coefficient C u = 1.42, curvature coefficient C c = 1.03, specific gravity G s = 2.65, maximum void ratio e max = 1.132, minimum void ratio e min = 0.711 and internal friction angle ϕ = 41.5˚ are good enough for manual compaction. It is understood that the material at the site is claystone, not cohesionless sand. Moreover, passive arching requires a certain degree of cohesion; therefore, a certain amount of suction is required. It has been found that compaction with a 10% water content can achieve the apparent cohesion of c = 8 kPa, which is sufficient for the undercut slope model to fail within the limited width of 1.30 m. If the water content is too high, water bleeding will occur after the slope models have been prepared. A specific compaction at relative density D r = 10-12% was chosen to suppress dilatancy because highly compacted sand exhibits high dilatancy when being sheared. If sand with finer particles is employed, the undercut slope model might not fail within the size limit; therefore, suitable material is found by trial and error. Properties of silica sand No. 6 and its interface resistance are reported in Khosravi et al. (2013) .
Humid silica sand No. 6, with a total density of 13.7-14.0 kN/m 3 and a water content of 10%, was considered to be suitable material for use in the 1 g physical model of the undercut slope. Figure 12 reveals the typical procedure of the slope preparation in steps (a)-(c) and the typical undercutting process in steps (d)-(f). For this test, the 0.06 m thick, 1.30 m wide and 0.80 m long slope inclined at 30° to the horizontal plane was prepared. The slope failed at an undercut width of 0.7 m with a shear plane developed at one corner of the detached portion of the slope. Detailed explanations about the experiments could be found in Khosravi et al. (2011a) . Based on the results of the 1 g physical model tests, it was concluded that the downward motions of humid sand toward the inner interval of the excavation indicated that the scarp was being pushed inwardly, with upward shear stresses along two side supports. Since the humid sand was failing inwardly rather than outwardly, it can be inferred that the lateral compression would be greater than the inclined compression to sufficiently initiate the arch action under the passive condition. On the other hand, a load from the centre of the slope was transferred laterally to the side supports in the configuration of arch action through the trajectories of the major principal stress. These trajectories can be regarded as stacks of curved arches where the crown of the arch points upward against the cascading movement of the slope.
Geotechnical centrifuge model
In order to confirm the results of 1 g physical model tests with a higher intensity of stress, an investigation under a centrifugal acceleration of 50 g was performed. The in-house beam type centrifuge machine Mark III, located at the Tokyo Institute of Technology with a platform radius of 2.45 m, was used in this study. A small-scale slope structure model was made of rigid acrylic plates, shown in Figure 13 (a), and consisted of slope and toe parts. Considering the lower interface friction between Teflon and sand, compared to the internal friction of sand, a thin layer of Teflon was stuck on the slope part of the model simulating a potential failure plane. Sand paper was attached to the base part of the model increasing the frictional resistance of this part. This slope structure model was placed inside a metallic chamber with dimensions shown in Figure 13 Despite the positive behaviour of silica sand No. 6 in the 1 g physical modelling, it failed to model the undercut slope under centrifugal acceleration. The reason was found to be related to the nature of this sand as a poorly graded soil. As is reported by Khosravi (2012) , the loose humid silica sand No. 6 was not able to sustain its water content under centrifugal acceleration. By increasing the acceleration, the water was drained out from the soil voids leading to a decrease in the soil strength properties. Therefore, it was decided that a well-graded soil ought to be used for the centrifugal modelling. Edosaki sand, a well-graded soil with a uniformity coefficient of C u = 3.1 under an optimum water content of 15.4%, was compacted in the form of a layer on both the slope and base parts of the model, as shown in Figure 13 (c). The prepared model was fully instrumented with a series of pressure cells of type PS-1KC and potentiometers of type MLT-38000201 (see Khosravi et al. 2016 for details). In order to excavate into the model under a centrifugal acceleration, an in-flight excavator was installed on the model container. This in-flight excavator consisted of a remote controlled 2D actuator holding a cutting blade, as shown in Figure 13 (c). The vertical movement of the cutting blade was controlled by a worm gear built into the stepping motors. Following the same process of excavation as was done for the 1 g physical model, the central toe part of the model was excavated under a constant centrifugal acceleration of 50 g starting with an excavating span of 50 mm. As the excavating span was increased to 100 mm, an arch-shaped local failure occurred on the slope part of the model, as shown in Figure 13 (d).
The pressure redistribution inside the slope model was monitored by means of embedded pressure cells. The phenomenon of passive arch action was confirmed above the excavated area where the earth pressure on the central part of the slope model was reduced by increasing the excavated area while the earth pressure on both sides of the slope model was increased. Furthermore, at the central part of the slope model above the excavated area, an active to passive stress switch process was monitored. These observations were found to agree reasonably well with the results of the 1 g physical model tests, as previously explained. Leelasukseree et al. (2012) conducted a numerical model using 3DEC®, a 3D numerical program based on the distinct element method. Figure 14 confirms that stacks of arches acting along the major compressive stresses dominate the pattern of load transmission in the undercut slope. 
Numerical model

Field test
Weathering can substantially reduce the strength of grey claystone exposed to the surface environment. In order to estimate the unconfined compressive strength of weathered grey claystone, a 1.1 MN hydraulic jack (v Tuyl Technics BV /-/04.070.b1/10042) with a piston area of 196 cm 2 was employed in the field. Five locations were chosen with a relatively flat surface in Area 4.1 where holes, 0.40 m wide, 0.60 m long and 0.35 m deep below the weathered surface, were dig by hand tools to provide sufficient space for the jack installation. As grey claystone would have inherent anisotropy, the holes were oriented in various directions. Two steel plates, 0.315 × 0.350 × 0.01 m, that were thick enough to allow for uniform pressure acting against the applied jack force, were fitted onto both ends, as shown in Figure 15 (a). To avoid errors and to reduce the variation in measurements due to premature failure, the plates were adjusted to fit flush against the surface of the holes by filling some crushed rocks into the gaps. The jack pressure was gradually increased until the steel plates laterally pushed the ground to failure when the load could not be increased anymore. The failed mass exhibited surface upheaval at some distance on one side, as shown in Figure 15 (b). The detailed dimensions are illustrated in Figure 15 (c). The maximum jack pressure reading was recorded and used to calculate the applied plate pressure = jack pressure × piston area/plate area. The maximum plate pressure merely represents the semi-unconfined compressive strength of grey claystone in the field because three boundaries are initially confined. Nevertheless, these field tests were the only available data on hand at that time; its average would relatively represent the unconfined compressive strength of the site despite imperfect testing conditions. Table 1 summarises the results of five field tests conducted from 2011-2012. The recorded maximum pressures were varied with the testing locations and orientations; therefore, the grey claystone surface would retain some degree of anisotropy with a wide variation in strength due to geological and weathering factors. According to Table 1, the average maximum pressure applied by the steel plate to fail the grey claystone is approximately σ c = 0.75 MPa, which is significantly less than the mean unconfined compressive strength 4.27 MPa reported in EGAT (1985) for grey claystone. Still, this value lies in the range between the peak value of 4.50 MPa (ϕ = 45˚, c = 932 kPa) and the residual value of 0.33 MPa (ϕ = 43˚, c = 71 kPa) reported by Khosravi et al. (2011b) , using a rock direct shear apparatus on five core samples of grey claystone collected from Area 4.1. In the field tests, the average water content w = 17.8% and the surface temperature of 37.6°C were measured using the sensor probe (ARP WD-3-WET-5E). The total unit weight of the grey claystone samples was γ t = 19.40 kN/m 3 , obtained by the weight measurement and the volume displacement method in the laboratory. These values are close to the mean total unit weight of 19.12 kN/m 3 and the mean water content of 21.5% reported in EGAT (1985) . Adopting the specific gravity of particles of grey claystone G s = 2.68 based on EGAT (1985) , the dry unit weight γ d = 16.47 kN/m 3 , the void ratio e = 0.6 and the saturated unit weight γ sat = 20.13 kN/m 3 can be calculated by Equations (1)- (3), (Lambe & Whitman 1969, p.30) 
( )
where:
G s = specific gravity of solid particles. e = void ratio of rock mass. w = water content of rock mass.
γ sat = saturated unit weight of rock mass.
γ t = total unit weight of rock mass.
γ d = dry unit weight of rock mass.
Undercut width of slope
Soil arching above the opening has been studied in hoppers (Jenike 1961; Walker 1966) , tunnels (Terzaghi 1936; Wong & Kaiser 1991) , trenches (Tsai & Chang 1996; Wong 1984) , stabilising piles (Bosscher & Gray 1986; Wang & Yen 1974) , pile-supported embankments (Hong et al. 2007; Low et al. 1994 ) and slopes (Guo & Zhou 2013) . In a problem limiting an undercut slope lying on a bedding plane, a practical technique for surface mining was established at the Mae Moh mine under collaborative research with the Electricity Generating Authority of Thailand (EGAT), successfully resulting in a fundamental study on the failure mechanism of undercut slopes (Khosravi 2012; Pipatpongsa et al. 2012) . Pipatpongsa et al. (2013) proposed the following equation to describe the failed undercut width based on Jenike (1961) :
where: 
In this study, Equation (5) is revised to Equation (6) by replacing a term (γ + γ w ) with γ sat , and a term (γ -γ w ) with (γ sat -γ w ). After rearrangement, the fully saturated conditions are correctly satisfied:
As a result, the corrected failure width of the undercut slope in Area 4.1 is 181 m, not 142 m, as was reported in Pipatpongsa et al. (2013) using the parameters shown in Table 2 (Pipatpongsa et al. 2011 . The undercut slope in Area 4.1 has held up over four rainy seasons, while the slope on the right side of the excavated pit was dumped with overburden claystone. According to the mining plan, lignite in front of Area 4.1 was mined until reaching an elevation of 115 m. Hence, the undercut slope was deepened into the pit by seven 11 m high benches with no serious failure. Figure 16 shows a panoramic view of Area 4.1 as of September 2015, confirming the practical achievement of the design concept of undercut slopes in surface mining.
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Conclusion
The engineering challenge in Area 4.1 of the Mae Moh lignite open pit mine was reviewed together with the concepts of the excavation method based on the arching effect and the cut-and-fill technique. Through the present study, the arch action and its mechanism of load transfer were confirmed by means of a number of physical and numerical models while briefly providing technical information on the modelling concept.
It was concluded that the failure mechanism, along the inclined plane of the weak plane, involves the passive condition where the major principal stresses dominate the force supporting the arches in the circumferential direction and the minor principal stresses represent the force confining the stacks of arches. The newly developed design concept, based on the authors' studies, was introduced as an applicable method for surface mining in open-pit mines with a satisfactory performance.
The design concept for undercut slopes, used in the previous study , was revised in this study. The efforts contributing to this research, conducted from 2010-2015, confirm that the undercut slope procedure is practically realisable and results in a reduction in the massive excavation, transportation and dumping of unstable rock masses, as well as in the saving of mining-related time and expenses.
